West Africa and the adjacent oceanic regions are very important locations for studying 2 dust properties and their influence on weather and climate. The SHADOW (Study of SaHAran 3 Dust Over West Africa) campaign is performing a multi-scale and multi-laboratory study of 4 aerosol properties and dynamics using a set of in situ and remote sensing instruments at an 5 observation site located at IRD (Institute for Research and Development) Center, Mbour, 6
INTRODUCTION 9
The impact of desert dust emitted into atmosphere on the Earth's radiation budget is the 10 parameters, but also their microphysical properties, such as size, concentration and the complex 7 refractive index (CRI) are needed. An estimation of the vertical distribution of particle 8 microphysics can be achieved, for example, by combining lidar and sun photometer 9 measurements; a review of such studies can be found in a recent publication (Binietoglou et al., 10 2015). However in these retrievals the mean radii and refractive indices of particles in the fine 11 and the coarse mode are assumed to be height independent, and only particle volume in each of 12 the modes is permitted to vary. Such assumptions may become invalid when aerosol layers of 13 different origins occur. 14 The alternative approach to evaluating the vertical distribution of dust properties is to 15 estimate the particle properties from lidar measurements only. Raman (or HSRL) 16 multiwavelength lidars based on a tripled Nd:YAG laser are able to provide three particle 17 backscattering and two extinction coefficients (so called 3+2 dataset). Different techniques 18 have been considered to invert these measurements into particle microphysics (Ansmann and  19 Müller, 2005), but the main issue is small number of input measurements (typically five), 20 compared to the numerous parameters needed for describing the aerosol microphysical 21
properties. This implies that the inverse problem is underdetermined and that numerous solutions 22 may reproduce the input measurements with similar accuracy. This family of solutions can be 23 localized by applying constraints to the "search space", i.e. limiting the range of particle radii and 24 refractive indices considered. The additional assumption usually made is that the refractive index 25 is spectrally independent and identical over the whole size range (Müller et al., 1999; 26 Veselovskii et al., 2002) . Such an approach has proved to be efficient for aerosol particle size 27 distributions (PSD) with a predominant fine mode as, for example, in the case of biomass big particles is less accurate when measurements are only performed in the wavelength range of 1 355-1064 nm. Moreover, dust particles are of irregular shape and Mie theory is thus not 2 applicable for computations of their scattering properties. Also, the imaginary part of the 3 refractive index (RI) of dust is spectrally dependent, with a strong enhancement of the absorption 4 in the UV region (Patterson et al., 1977) . And finally, particles in the fine and coarse mode may 5 have different origin, so the size dependence of the refractive index should also be considered. 6
The complexity of the problem outlined above demands the use assumptions and 7 simplifications in the retrieval algorithms. The application of spheroids to the analysis of lidar dust observations is an important step 22 forward when compared to the spherical particle approximation of Mie theory. Still Dust Over West Africa) campaign is performing a multi-scale and multi-laboratory study of 5 aerosol properties and dynamics using a set of in situ and remote sensing instrumentation (multi-6 wavelength Raman LIDAR, Wind-LIDAR,, nephelometer, aethalometer, sun/lunar photometer, 7 airborne sunphotometer, optical particle counter) in the framework of the CaPPA (Chemical and 8
Physical Processed in The Atmosphere) project (http://www.labex-cappa.fr/). The site is located height of approximately 3000 m. In parallel, the wind field highlights the appearance of multi-29 layered wind structure mainly consisted of a northerly wind (downward arrow) prevailing near 30 ground, which changes to an easterly wind (leftward arrow) with height ( fig. 2) . 31 because it is more sensitive to the change of complex refractive index (CRI) and decreases to as 1 low a value as -0.55 during dust events. 2
The day-to-day variation of the lidar ratios at 355 nm and 532 nm together with particle 3 depolarization ratio at 532 nm is shown in fig.7 . The lidar ratios at both wavelengths vary in the 4 40-65 sr range and the frequency distribution for the ratio LR 355 /LR 532 is given by insert in fig.7 . 5
In 60% of the cases the ratio LR 355 /LR 532 is close to 1, but during dust events this ratio increased 6 up to 1.4. The mean values of lidar ratios are close: LR 355 =54±8 sr and LR 532 =53±8 sr. The 7 mean value of particle depolarization ratio is 30±4.5%, however during the dust events 8 depolarization ratio could increase up to 35±5%. 9
Vertical distribution of particle intensive properties 10
The vertical distribution of particle intensive properties is strongly influenced by the 11 origin of the air masses which during the SHADOW measurement period were coming either 12 from ocean or continental regions. In this section, we present the results for three days (13, 29 13 March and 10 April) characterized by different types of air masses. 14
March 15
As follows from fig.8, on 13 March at 21:00 UTC the air masses at the 3 heights (1500, 16 2500 and 3500m) were transported mainly over the ocean, but the back trajectory at 1500 m 17 presents a "loop" over continent, so the corresponding air masses may contain more dust 18 compared to other heights. do not seem to change. 28
March 29
The backtrajectories from the night of 29-30 March associated to a strong dust case are 1 shown in Fig.10 . The air masses at low altitude were transported over the continent and were 2 strongly loaded with dust. Fig.11 presents the vertical profiles of the same particle parameters as 3 in fig.10 
April 3
On April 10, the air masses were coming from continental regions and particle 4 parameters showed large variation with height. We selected measurements during the period 5 0:00-2:00 UTC for which the backward trajectories at 1:00 UTC are shown in fig.13 . The air 6 masses at 2000 m and 3000 m originate from the dust-laden continental region (Barren or 7 sparsely vegetated areas), while at 4500 m the air masses come from regions covered by grass 8 lands and savannas. Fig.14 shows profiles of the 3β+2α measurements together with particle 9 intensive parameters. The particle extinction increases with height reaching a maximum value of 10 around 0.2 km -1 for both wavelengths at a height of 3000 m and then decreases up to 5 000m. The relative humidity on 10 April was higher than on 13, 29 March, which could impact 18 the particle properties. Fig.15 shows the estimated profile of water vapor mixing ratio (WVMR) 19 obtained from the lidar measurements. WVMR is less than 3 g/kg within the dust layer and 20 increases above 3500 m reaching approximately 5.5 g/kg at 4000 m. The WVMR and the 21 relative humidity measured in Dakar at 0:00h using a radiosounding is reported on Fig.15 for  22 comparison. Both WVMR's measured by sounding and lidar are in agreement between 3000m 23 and 5000m (note that there is no sounding data between 4620 m and 3880 m). There are clearly 24 two distinct layers. If the derived properties of aerosols within the lower layer are representative 25 of dust, the air mass above 4000m brings another particle type. Particles, characterized by lower 26 depolarization ratio, are smaller since the EAE is increasing, and the layer is more humid since 27 the RH is increasing. Based on the analysis of the satellite data quick-looks (see for instance 28 http://earthobservatory.nasa.gov/GlobalMaps/), the back-trajectories reporting in Fig. 13 show 29 that the air mass at 4500m is coming from regions where fires were active during several days, 30 which can result in emission of smoke particles transported over M'Bour few days later. The 1 derived properties of aerosols within the 4000-5000m layer are consistent with this hypothesis; 2 the assumption of the air-mass origin is also consistent with the RH increase. 3 4
INVERSION OF RAMAN LIDAR OBSERVATIONS TO THE PARTICLE 5

MICROPHYSICS 6
The lidar 3β+2α and 3β+2α+1 observations analyzed in the previous sections can be 7 inverted into microphysical properties using regularization algorithm. As previously mentioned, 8 in the case of irregularly shaped dust particles such inversion is more complicated compared to 9 other aerosol types that may be well handled by spherical particle assumptions. In an earlier 10 study, a model of randomly oriented spheroids for dust was used (Veselovskii et al., 2010). This 11 model handles the dust particles as a mixture of spheres and spheroids, so an additional unknown 12 parameter, spheroids volume fraction (SVF), appears. The SVF in principle can be determined in 13 the process of inversion of 3β+2α+1 measurements thanks to the use of depolarization ratio as 14 input parameter. However, for the dust layers, ina first guess, we assume a value of SVF=100% 15 to decrease the number of retrieved parameters. In the process of inversion we used the "search 16 space" parameters similar to those described in (Müller et al., 2013) . The boundary of the 17 inversion window has been set to minimum and maximum particle radii of 0.075 and 15 μm, 18
respectively. The real part of RI was allowed to vary in the range 1.35 -1.65, while the 19 imaginary part varied in the range 0 -0.02. The refractive index was assumed to be spectrally 20 independent. The effects of a possible spectral dependence of the imaginary part of RI will be 21 considered at the end of this section. 22 The regularization approach provides the main features of the particle volume size 17 distribution (PSD). Hereinafter, we compare the retrieved aerosol parameters using 3β+2α or 3β+2α+1 29 observations. To perform such a comparison we calculated the ratio of the effective radii ( derived from 3β+2α+1 and 3β+2α sets. Fig.19 shows the profiles of r R  for the same three days 1 (right part associated with bottom x-axis); a value of 1.0 would mean that the additional input 2 has no impact on the retrieval. Inside the dust layer the ratio is about 1.15 for the measurements 3 taken on 13 and 29 of March. On 10 April, the ratio is noisier and more oscillating, but the 4 average is still close to the results obtained for 13 and 29 March. Let us mention that the ratio of 5 the particle volumes V R  is very close to r R  , so it is not shown in the figure. The increase of the 6 effective radius (and volume) retrieved from 3β+2α+1 measurements compared to 3β+2α 7 occurs simultaneously with a decrease of the real and imaginary parts of CRI (Veselovskii et al., particles with depolarization ratios of less than 30% the results obtained from 3β+2α and 1 3β+2α+1 observations are in reasonable agreement and the use of the 3β+2α+1 dataset in the 2 inversion of low depolarizing aerosols permits spheroids volume fraction to be estimated. 3
The analysis performed here also demonstrates the importance of the spectral dependence 4 of the imaginary part of RI in the UV spectral region. Model simulations demonstrate that 5 including m I () dependence may increase the values of effective radius and volume by a factor 6 as large as 1.5. Thus, at the moment, dust particle microphysical properties obtained by inversion 7 of lidar measurements may contain significant biases. Further research is needed to develop 8 techniques correcting these biases in order the uncertainty of the estimates of r eff and V to remain 9 below 30%, which is a typical value when particles with prevailing fine mode are considered. 10
In addition to aerosol properties, the LILAS system provided profiles of the water vapor 11 mixing ratio, which, being a conserved quantity, was frequently a convenient tracer that 12 indicated the boundary between dry air masses transported over the continent and moist air 13 masses transported over the ocean. The episodes considered in this paper were characterized 14 mainly by low values of RH and the effects of the particles hygroscopic growth were not 15 considered. Still, we have significant amount of the measurements in the condition of high RH, 16 accompanied by formation of water and ice clouds near the dust layers. We plan to present these 17 results in a separate publication. Volten, H., Munoz, O., Veihelmann, B., van der Zande, W.J., Leon, J.-F., Sorokin, M., 30 Slutsker, I.: Application of spheroid models to account for aerosol particle nonsphericity in 31 
